DOCUMENT NO. 87SDS-024 °

CONTRACT NAS1-18032
MAY 1987

THE MULTI-DISCIPLINARY DESIGN STUDY
A LIFE CYCLE COST ALGORITHM

R.R. HARDING, J.M. DURAN, AND R.R. KAUFFMAN

GENERAL ELECTRIC COMPANY - ASTRO-SPACE DIVISION
KING OF PRUSSIA, PA 19406

NASA CONTRACTOR REPORT 178192

{NASA-CR-178192) THE MULTI-DISCIPLINARY N87-21995

CESIGN STUDY. A LIFE CYCLE CCSTI ALGORITHA

{Gemeral Electric Co.) 1C7 p Avail: NRTIS

EC A06/MF AOQ1 CSCL 22B Unclas
G3/18 0071805

ASTRO-Space Division

GENERAL D ELECTRIC




| EE N 2N E g B gu =m

NASA Contractor Report 178192

The Multi-Disciplinary Design Study
A Life Cycle Cost Algorithm

R.R. Harding, J.M. Duran, and R.R. Kauffman

General Electric Company - Astro Space Division
King of Prussia. PA 19406

Contract NAS1-18032

May 1987

NNSN

" National Aeronautics and

Space Administration

Langley Research Center
Hampton, Virginia 23665-5225




CONTENTS

INTRODUCTION .
SUMMARY . . e e e e e e
MDDT PROGRAM FLOW e e e e e e .

DAOOAANANNATNAARDDBRBRBRRBRBRBRBRDRRRBBBRBRRPARARINECNNNWWANNQAWYD -

#mummmmmwweww DOV OVDVDVDW NN = 1=

ORI I

-
V= O

QA+ A+~ Q-

DVDOD I GO CEC DD 1 4t

Q- QMO

QA QO O

Main Routine
Non-recurring Cost Subroutine

ACS (Attitude Control System) Désign Subroutine.

Launch Cost Subroutine . . .
Ground Support Cost Subroutine .
Maintenence Cost Subroutine
Expendables Cost Subroutine

Software Cost Subroutine . . .
ASC Steady State Polnting Subroutine .
Active Control Subroutine . .
Summation Of Costs Subroutine

Print Subroutine .

MDD STUDY STRUCTURE AND CONTROLS ANALYSES

Structure . . .

Expendables Analysis For Mass Properties .
Description .
Assumptions
Results .

Structural Dynamics
Description
Assumptions
Results

Erectable Vs Deployable Truss LCC Trade Study.

Description”
Assumptions
Results .
ATTITUDE CONTROL SUBSYSTEM (ACS) ANALYSES
Disturbance Torques . . . . .
Description . . . . . . . .
Assumptions e e e e e s e e
Results . . . .
Controller 0ptimization And Design .
Description . .
Assumptions
Results

MDD EXAMPLES .

Solar Array Feathering
Description . . e .
Assumptions e e
Results .

Expendables Orbit AdJust Interval
Description . .
Assumptions
Results . . e e e e e

Monopropellent Vs Bipropellent
Description e e e e e
Assumptions
Results . .

Active Vs Passive Damping LCC



X NN N Hé Ne

APPENDIX A

APPENDIX B

D= phd

(RSN

Description
Assumptions
Results . . .
CONCLUSIONS . . . . .
Advantages Of MDDT . . . .
General User Informatiom .
REFERENCES . e e .

SPACE STATION DISTURBANCE SIMULATIONS

DUAL KEEL REFERENCE CONFIGURATION ACS EQUIPMENT
CHARACTERISTICS

ii




1 - INTRODUCTION

The Multi—gisciplinary Qesign (MDD) Study iﬁvestigates three
aspects of manned Space Station design; cost, subsystem design

parameters, and relationships between cost and design parameters.

It is anticipated that complex spacecraft designs will be based

on total system costs over the life of the program. An approach
to evaluating system design for the complete Life Cycle Costs
(LCC) is desirable so that total program costs may be assessed
for any given design and, thereby provide a means to trade cost,
risk, performance, and maintenance during the design phase. This
study develops a model which spans-these different disciplines in
effort to evaluate LCC, or more importantly, LCC sensitivities to

different designs and critical parameters.

First, the cost factors of the system from conceptual design
through on-orbit operations are defined so that cost analyses can
be estimated within the accuracy of the assumptioné. These cost
factors include nonrecurring, spares, ground support, etc. which
are typical for spacecraft and can be estimated based on

historical data or engineering judgement.

Second, the relationships between Space Station subsystem
design parameters which define the configuration of the subsystem
are examined. For this study, the relationships between the
attitude control and structure subsystem designs are investigated

by using analysis techniques that have been applied to previous

spacecraft designs. For example, the structure mass properties
affect controller momentum storage, torque, and bandwidth
1




requirements which in turn affect hardware and software

requirements.

The final phase of this study combined LCC and subsystem
design parameters into a set of computatibns implemented in a
single computer program. At this point, the computer program is
truly multi-disciplinary. The Multi-disciplinary Design Tool
(MDDT) is the name of the computer program which contains the
controls and structural design and LCC models. It is capable of
performing design studies by evaluating different ACS (Attitude

Control System) and structure designs as a function of LCC.
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2 SUMMARY

This study developed a mﬁlti—disciplinar& design model,
implemented on the computer, that is used to evaluate attitude
control and structure subsystem designs using: LCC as a design
criteria. Engineering design parameters which define ACS
(Attitude Control System) and structure designs are input to the
program and resulting LCC and some performance data are output to

the user for evaluation.

The Multi-disiplinary Design Study has investigated LCC
aspects of the manned Space Station attitude control and
structure subsystems designs. The model adresses the major cost
aspects for spacecraft 1in general and the Space Station in
particular (for example, costs for Extra Vehicular Activity
(EVA), replenishment of expendables, and the latest baseline
Space Station hardware). Several example design trades have been
performed  using the  Multi-disciplinary Design Tool which
demonstrate the program validity as well as provide some

interesting cost saving design approaches.

A summary of the MDD study efforts and cost program flow is
shown in Figure 1. It can be seen from this top level diagram
that several preliminary analyses and hardware investigations
were nebessary to define ACS and structure design parameters as
well as obtain some basic cost data. These preliminary
investigations resulted in general design parameters required to
describe ACS and structure configurations as well as

representative hardware costs and cost sensitivities (e.g.



$/pound, orbit decay rates, damping material cost estimates, ACS

sensor costs, etc.)

The MDDT model architecture spans the following  LGC

characteristics for the Space Station ACS and-structure designs.
Non-recurring design
Launch
Expendable replenishment
Part failure, replacement, and maintenance
Ground support

The architecture of MDDT incorporates the above LCC
characteristics in individual subroutines. The MDDT main program
is a series of calls to these subroutines so that the ACS and
structure costs can be calculated. Each of the above LCC
criteria incorporates a number of sub-level cost parameters which
can be, and in many cases are, used in other LCC criteria

calculations.

Results of specific +trade studies (as required in the
Statement of Work) and example LCC design trades are summarized

in the following paragraphs.

Preliminary Attitude Control Optimization. The ACS

(Attitude Control System) did not prove cost sensitive in the
preliminary analysis. Instead, optimization of the ACS was

based on creating a maximum controller bandwidth for a user
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specified fundamental structural resonant frequency. Cost of
the ACS as an optimization criteria was accomplished after the
MDDT model was sophisticated enough to include active

structural damping designs.

- Structural Regonance Sensitivity. The controlled Space

Station response to crew kick-off and STS docking was

"performed using a flexible body simulation of the Space

Station. The structural response'of the lower boom resulting
from these disturbances are 12 arcseconds and 1860 arcseconds
(0.52 degrees) of deflection for crew and docking

disturbances, respectively.

Prelimipnary Structural Optimization. The five meter bay

truss resulted in significant LCC savings over the nine foot
bay truss; approximately $47 million saved for the erectable

and $67 million for the for the deployable.

Solar Array Feathering. Feathering the solar  arrays

during umbra in order to reduce propellant expenditures for
velocity make-up (orbit adjust) provided a savings of $25

million.

Orbit Adjust. LCC sensitivity analysis to orbit adjust
interval showed a $21 million savings by going from a 50 day

interval to 10 day interval between orbit adjust firings.




Pr llant . _Bipr llant RCS. The higher Isp of
the bipropellant RCS subsystem netted a LCC cost savings of
$126 million.

Active vs. Passive Structural Dampiggp A combination of
active control and passive damping material (e.g. SMERD)
yielded significant increase in controller bandwidth and
reducing space station ' LCC. Adding 160 pounds of passive
damping material resulted in increasing the structural damping
ratio from 0.05% to 5% which reduced the number of controlled

strucural modes and reduced LCC by $12 million.




Figure 1

MDD Top Level

Analysis and Program Flow

{*A’MDD SAMSO
NON-RECURRING NON-RECURRING
¢osT cosT
MODEL . MODEL
LAUNCH AND
DEPLOYMENT
COST MODEL
L
7

AUALYSES
COMPUTER
PROGRAL!
¥ —}
GROUND
SUPPORT
cosT Is
MODEL
. ]
My PERFORMANCE
MODEL CALCULATION
‘ |
|
EXPENDABLES
COST MODEL
- i
{ - f
QUTPUT
SOFTWARE CosT AND
COST MODEL PERFORMAKC
DATA




3 MDDT PROGRAM FLOW
3.1 Main Routine

The MDDT computer program consists of a main routine
(MDDT.FOR) and eleven subroutines. All input and output
variables are defined in this routine. All input data is read in
through this routine, and the subroutines are called from here.

A flow diagram of the main routine is presented in Figure 2.
3.2 VNon-recurring Cost Subroutine

The Non-recurring Cost subroutine (NRC.FOR) calculates the
non-recurring cost of +the of the ACS (Attitude Control System)
and Structures subsystems. Figure 3 illustrates the flow of the
subroutine. A choice of two cost calculation approaches is
given. Subsystem non-recurring cost may be calculated using
SAMSO, a parametric cost model relating cost to subsystem weight

(reference 1). The SAMSO cost model is of the form,

Y = 1000.0(4 + B(WT))

where,
Y = Subsystem non-recurring cost
wT = Subsystem weight
4,B,C = Input empirical constants




The values of the parameters A, B, and C are defined in
Reference 6. These values may be modified to reflect historical
cost data. The SAMSO model costs include ﬁhe cost of hardware,
design, manufacture, and test of the given subsystemn.
Alternatively, non-recurring cost can be calculated by summing
cost per component times number of components for all types of
components. In this case, component design, test and
manufacturing costs should bDbe included in the component costs,
and project engineering costs for +the design phase can be
calculated by invoking a call from the main routine to the ACS
design subroutine (ACSDES). The non-recurring cost is multiplied

by the following three complexity factors for both cost models.
('l = Inflation factor from 1979 dollars

ce

Complexity factor from the SAMSO model

CM = Modifier to account for the difference in cost

between unmanned and manned spacecraft

For the examples, the SAMSO model was used to calculate the
Structures Subsystem non-recurring cost, as SAMSO is a
time-proven model and large space structure data was available to
calibrate the SAMSO model for structures in this weight range.
Valid SAMSO parameters could not be found for the ACS subsystenm,
so the alternate method of calculation for ACS non-recurring

costs was used in all examples.




3.3 ACS (Attitude Control System) Design Subroutine

The ACS Design subroutine (ACSDES), -~ Figure 4, calculates
total design cost for the ACS subsystem. Design cost is defined
as the total labor cost of engineering personnel involved in

design and support of the subsystem throughout all phases of the

mission: initial design, initial on-orbit development and
check-out and nominal on-orbit ground support. Engineering
personnel are catagorized as project engineers, subsytem
engineers, component engineers, and analysts. The number of

analysts needed during the initial design phase (i.e. number of
development analysts) is assumed to equal the number of control
modes, a variable which is input by the user, while the number of
analysts needed during the on-orbit phase (i.e. number of
operations analysts) is assumed to be 20% of the number of
development analysts. During +the on-orbit development and
check-out phase, the number of analysts drops linearly from the
number of development analysts to the number of operations

analysts.

The number of component engineers required during the
initial phase is defined by the number of types of ACS
components, and drops linearly during the on-orbit development
and check-out phase to half that number in the final on-orbit
phase. The number of project engineers is specified by the wuser

and remains constant throughout the mission.
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The number of subsystem engineers, 1like the number of
component engineers, is assumed +to drop 1linearly during the
on-orbit development and check-out phase- to half the number
required during the initial design phase. : The areas under the
curves described above are integrated for the appropriate phase
of the mission, summed, and convefted from years to manhours of

design and project engineering.

The number of engineering personnel is, of course, dependent
on the size and scope of the particular program for which the
MDDT is being used, and a combination of knowledge of the program
and engineering Jjudgement should be used in specifying inputs
where required. The numbers used in the example runs described

in this report (Section 5) were:

Number of control modes = 15
Number of components =6
Number of project engineers =1
Number of subsystem engineers = 2
3.4 Launch Cost Subroutine
The Launch Cost subroutine (LAUNCH.FOR), Figure 5,

calculates the cost of launching a subsystem. Launch cost per

pound is calculated by dividing the cost to launch the booster by
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the maximum weight capability of the booster to the desired
orbit, both user-specified inputs. The total subsystem weight is
then multiplied by the launch cost per pdund. The total launch
cost however, also includes the cost of EVA, IVA, and use of the
mobile remote manipulator system (MRMS). For this calculation,
the number of hours of activity required and cost per hour of
activity, wuser-specified inputs, are multiplied. The total
launch cost is calculated by adding EVA, IVA and MRMS costs to

the Dbooster launch cost. Values used for this study were, for

ACS:
Number of hours of EVA required for assembly on launch = 57
Number of hours of IVA required for assembly on launch = 37
Number of hours of MRMS required for assembly on launch = 35
and for Structures:
Number of hours of EVA required for assembly on launch = 100
Number of hours of IVA required for assembly on launch = 5

Number of hours of MRMS required for assembly on launch = 50

Cost figures used were:

Cost per hour of EVA $62000 Cost per hour of IVA = $17500

Cost per hour of MRMS

$22000

3.5 Ground Support Cost Subroutine

The Ground Support Cost subroutine (GSUP.FOR) calculates the

cost of ground support over the 1life of the mission for the

12




structures subsystem based on the user-specified number of
manhours and the user-specified cost per manhour of ground
support. (For the ACS subsystem, grouﬁd support costs are
calculated in the on-orbit ground support phase of the ACS Design
subroutine.) For this  study, the estimated number  of
structure-required ground support hours over the length of the

mission (assumed to be 10 years) was 62000.
3.6 Maintenence Cost Subroutine

The Maintenence Cost subroutine (MAINT.FOR), Figure 6,
calculates the cost of maintaining each subsystem over the life
of the mission (post-initial assembly), including replacement of
parts and regular subsystem inspections. The number of expected
failures for each type of component during the mission 1is
computed using the formula:

NF = N(1 - eFt5r)
where the usef—specified inputs are defined as follows:

N = number of this type of part or component in subsystem =

ML = mission length

MTBF = mean time between failure of the part or component

13




As an example, for this study, the Control Moment Gyro (CMG)
was assumed to be one of the ACS components. For the CMG, the

user-specified inputs were,
N =86
ML = 10 years

MTBF = g4.2 years
The cost to replace a failed part is calculated by summing the
cost of a replacement part (input by user), the cost to launch
the part (calculated as in Launch Cost subroutine),and the cost
of the EVA, IVA and MRMS activity required during replacement
(input by user). The cost of subsystem inspections is computed
for four ©possible related types of activity, EVA, IVA, MRMS use
and ground support, and the resulting costs summed. Inspection
cost ©per component type, per type of inspection activity (EVA,
IVA, MRMS or ground support) is obtained by multiplying the
number of units of that +type by the cost of the activity per
inspection of that type of component and the +total number of
inspections expected over the mission 1life (mission length
divided by time between inspections, a user-specified input).
The total costs over the mission of replacement and inspections
per part are summed for all subsystem components to obtain the
total cost of subsystem maintenence over the course of the

mission.

14
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3.7 Expendables Cost Subroutine

The Expendables Cost subroutine CEXPD.?OR),' Figure 7,
calculates the cost incurred due to replacement of expendables
consumed over the mission life. This routiné requires the user
to input an initial and final altitude of the spacecraft (in
feet), the time (in days) over which the orbit decay occurred,
and the specific impulse of the assumed propellent. For this
study, an orbit decay from approximately 448 km to 444.6 km
(assumed nominal altitude was 450 km) over a period of ten days
was used. (See Figure 29.) The subroutine then computes the
energy loss per orbit and weight df propellent used per orbit in
velocity makeup. The total weight of propellent used over the
mission is then computed, using the orbit period and length of
the mission. Using the input cost per pound of propellent, the
cost due to purchase of replacement fuel is computed. The cost
to launch to replacement fuel is computed by a call to the launch
cost subroutine. A switch in the routine allows the calculation
of expendables cost for either monopropellent fuel or using the

user-specified mixture ratio for bipropellent.
3.8 Software Cost Subroutine

The Software  Cost subroutine (SOFT.FOR), Figure 8,
calculates the cost of subsystem-related software development
using either the user-specified number of lines of code and cost
per line of code, or the user-specified number of manhours to
develop the required software and cost per manhour of software

development. For this study, the assumed number of manhours to

15



develop ACS-related software was 83000 at $80 per manhour. There
is no software development associated with the Structures

subsysten.
3.9 ASC Steady State Pointing Subroutine

The ACS Steady State Pointing subroutine (ACSPTG), Figure 9,
uses the Bode plot Produced in the frequency response analysis
(Section 4.2.2) to provide a pointing error estimate as a
function of mnatural frequency of +the structure, structural
damping and disturbance torque. Controller break frequency to
structure natural frequency ratios were calculated for six
possible structural damping ratios using the baseline Bode plot,
in order +to assure controller/structure stability. The user
supplies the damping ratio (from one of the six possible choices:
.1,.05,.01,.005,.001,.0005), structure natural frequency, maximum
expected disturbance torque, orbit rate (for a circular orbit at
the assumed altitude of 450 km, orbit rate is .00112 rad/sec) and
inertias of the structure. The subroutine calculates the
controller break frequencies first, based on the predetermined
ratios and the given structural damping, and from the break
frequencies, the controller gains are calculated. The
disturbance torque transfer function is then evaluated at twice
orbit rate to determine the rigid body steady-state pointing

error.
3.10 Active Control Subroutine

The Active Control subroutine (ACTCON.FOR), Figure 10,

16



calculates the additional software costs due to algorithms in the
flight software which become required for actively compensating
the actuator commands due to structurai bending. The routine.
computes how many structural modes are required to be controlled
as a function of how close the resonant frequencies are to the
rigid body controller bandwith. Additional software costs are
computed based on numbers of lines of code or computer operations

per cycle using empirical equations contained in the routine.
3.11 Summation Of Costs Subroutine

The Summation of Costs subroutine (SUM.FOR) computes the
life cycle cost of the Attitude Control Subsystem and the life
cycle cost of the Structures Subsystem by summing the costs

output by all of the cost subroutines.
3.12 Print Subroutine

The Print -subroutine (PRINT.FOR) converts the ACS and
Structures costs outpﬁt by each cost routine and the total life
cycle cost for each of the two subsystems to millions of dollars.
The subroutine also sums the ACS costs with the Structures costs
for each category (each of the cost subroutines and the total)
and outputs individual and total costs in millions of dollars and
ACS perfomance data from the ACS Steady State Pointing

subroutine.

17
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Figure 3

Subrouting NRC

START

Choose either SAMSO method or
component cost data method ‘ - No

_ Invalid choice |

to calculate non-recurring cost?

t

Yes
\
Use SAMSO model? Yes

No

Calculate non-recurring cost
using number of components and
component cost data

1
Is total subsystem weight known? Yes

No

Calculate subsytem weight
by summing component weights

y

Use SAMSO model? No

Yes

C'alculate non-recurring cost
from total subsvstem weight
using SAMSO

Multiply non-recurring cost
hy complexity factors

( RETURN )
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Figure 5

Subroutine LAUNCH

( START )

Calculate cost per pound
to launch payload

Calculate Cost
to launch payload

Calculate cost of EVA,
IVA, MRMS activity on launch

Sum launch costs

( RETURN )
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Figure 6

Subroutine MAINT

(  START )

Calculate cost per pound of payload
delivered to orbit

Calculate cost to launch one
replacement part of this type

Calculate the cost of manpower
(EVA, IVA, MRMS, required to
to replace one part of this type

Calculate expected number of failures
of this type of part

Calculate cost to replace failed
parts of this type

Calculate LCC of EVA, IVA, MRMS,
required during inspection of
a part of this type

l Is there another type of part? Yes

No

Calculate (sum) maintenance costs
for this subsystem

RETURN
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Figure 7

Subroutiné EXPD

( START )

Calculate energy loss per unit mass
for an input orbit decay rate

Calculate energy loss per day
and loss per orbit

Calculate weight of propellent
used per orbit for velocity
make-up

r

Calculate total weight of
propellent spent over mission for
orbit adjust (velocity make-up)

[

Monopropellent used? No

Yes

Use monopropellent weight
and cost data to determine
expendables cost

Use biprop mixture ratio
and cost relation to
determine expendables cost

( RETURN )
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Figure 8

Subroutine SOFT

(  START )

Y

Is cost

software input?

per line of Yes

No

Calculate

based on number of manhours
for software development

software cost

Calculate software cost
based on number of lines
of code

( RETURN )
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Figure 9

< START )

Is damping ratio input one
of the following: .0005, .001,
.005, .01, .05, or .17

Subroutine ACSPTG

Yes

Calculate controller break
frequencies hbased on damping
and frequency ratios

Compute controller gains

A

Calculate rigid body steady
state pointing errors due to
environmental disturbances

Invalid choice of damping ratio

( RETURN )
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Figure 10

Subroutine ACTCON

( START )

A

Calculate frequency band (beyond the
rigid body control bandwidth) for active
structure modal control

Calculate the number of strucural modes
within active control frequency band

Are any modes within the active control
frequency band

Yes

y

Calculate active control software costs

( RETURN )
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4 MDD STUDY STRUCTURE AND CONTROLS ANALYSES

4.1 Structure

4.1.1 Expendables Analysis For Mass Propertiés -
4.1.1.1 Expendables Analysis Description -

The mass properties employed in the expendables analysis are
taken from reference 2 and consider an Initial Operating
Configuration (IOC) space station similar to that shown in
Figure 11. These mass properties represent a current best
estimate of what the space station’s mass properties will be
during the early phases of operation. This corresponds to the
period of operation when fuel usage will be highest as the space
station’s ballistic coefficient (weight/frontal area) will be
low. This results in large drag effects requiring orbital

corrections.
4.1.1.2 Expendables Analysis Assumptions -

These mass properties are for a five meter bay truss dual
keel space station with four crew habitation modules. No
payloads are included. Various servicing bays are not included.
The hybrid power system (four photovoltaic arrays and two solar
dynamic engines) is employed. The space shuttle orbiter is not

present.
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4.1.1.3 Expendables Analysis Results -

The mass properties employed in this analysis are shown in
Figure 12. As can be seen, the space station weight used in the
expendables analysis is 466354. pounds. Thé space station also
has very large inertias, even during the early build-up phase.
Both the mass and inertia of space station will increase as the

configuration evolves.
4.1.2 Structural Dynamics -
4.1.2.1 Structural Dynamics Description -

Simple NASTRAN models of two space station configurations
were developed. The two configurations considered were a
deployable nine foot bay truss and an erectable five meter bay
truss dual keel space station. The models included four crew
habitation modules and a representative IOC payload compliment.
The geometries of the 9-foot and the 5-meter bay models are
identical. Figure 13 presents four views of the model. The
power system included in the NASTRAN models is comprised of eight
photovoltaic solar arrays. The dynamic modes and frequencies of
the two configurations were calculated. This data was employed
to determine the the Attitude Control System (ACS) performance

characteristics.

These models were also employed in a disturbance response
analysis. The five meter bay truss space station model was
excited by a crew member kickoff forcing function (See Figure 14)

and a space shuttle orbiter docking forcing function (See
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Figure 15). Selected results of this response analysis are
presented in Appendix A. Figures Al through AlO present the
results for the crew kickoff disturbance. -Figures Al through A3
plot the three orthoganal displacements in radians at the ACS
package through 100 seconds with the ACS inactive. Figure A4
shows the corresponding Theta y deflections at the tip of the
lower boom. Figure A5 presents the corresponding 2 axis linear
acceleration in g's. Figures A6 through AlO present similar data
with the ACS package active. Figures All through A20 present the
shuttle orbiter docking data "in the same order as Figures Al

through AlO.

The angular deflection for uncontrolled the kickoff was on
the order 60 microrad. The controller reduced this to about 40
microrad. The acceleration levels at the ACS package were about

180 micro-g's both with and without the controller.

The shuttle docking event results in higher response levels.
After 100 seconds, the angular deflection for the uncontrolled
docking event is approximately 15000 microrad. The controller
reduced this to 9000 microrad. The acceleration levels at the
ACS package were about 3000 micro-g'’'s both with and without the

controller.
4.1.2.2 Structural Dynamics Assumptions -

There were several assumptions employed in this analysis.
The space station truss structure was represented as an

equivalent beam. This will 1lead to errors 1in higher order
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-eigenvalues and - eigenvectors; however, this beam representation

is sufficiently accurate for preliminary configuration studies.

Also, it was assumed that the space station acts as a linear
structure and that the truss joints are rigid. It has been shown
(reference 3) that even small amounts of free play (.0005 inches)
in the +truss Jjoints will result in significant non-linear
behavior (one to three inches of free play in keel). The
non-linear charaotefistics of the keel must be minimized in order
to have a well defined predictable stucture. Note that it is
more difficult +to avoid free play in the joints of deployable

trusses than of erectable ones.
4.1.2.3 Structural Dynamics Results -

The results of this analysis are summafized in Figure 16.
Listed are flexible mode shape descriptions and the corresponding
frequencies through approximately .6 hz for both models. As can
be seen from . this data, the space station is a highly flexible

structure with high modal density.

The fundamental flexible mode 1is a solar array mode at
approximately .17 hz. The fundamental flexible keel modes occur
at .197 hz for the nine foot bay configuration and .356 hz for
the five meter Dbay configuration. The low frequencies of the
fundamental keel modes will challenge the ability of the ACS ¢to
meet orbital performance requirements. The high modal density

will also complicate the task of the ACS.

31



4.1.3 Erectable Vs Deployable Truss LCC Trade Study -
4.1.3.1 Erectable Vs Deployable Truss Description -

A life cycle cost (LCC) trade study was performed between
erectable and deployable truss concepts. Also varied were truss
bay sizes. Nine foot and five meter bay sizes were considered.
Thus there were four cases: a nine foot bay deployable keel, a
nine foot bay erectable keel, a five meter bay deployable keel,
and a five meter Dbay erectable keel. All four cases are dual

keel space stations with similar overal dimensions.

reference 4 gives the estimated amount (approximately 1
hour) of Extra-Vehicular Activity (EVA) required to deploy/erect
each of the four cases considered. The amount of Intra-vehicular
Activity (IVA) and Mobile Service Center (MSC) activity required
was estimated from the amount of EVA time. The number and types
of parts comprising each case were estimated. As would be
expected, the nine foot bay cases were comprised of more bays and
therefore had significantly more parts than the five meter bay
cases (3014 parts for the 9 foot bay design versus 1690 for the
five meter design). Also, the deployable cases required various
types of deployable joints and therefore required more types of

parts than the erectable cases.
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4.1.3.2 Erectable Vs Deployable Truss Assumptions -

It was assumed that the ACS (Attitude tControl System)
required by each of the four cases was identical and that they
required the same quantity of expendables. Aiso, all four cases
were assumed to have the same 1level of structural damping.
Finally, it is assumed that the values assigned to all parameters
employed in the analysis are correct. Many of the parameters are
poorly defined at this stage in space station’s development and
rough order of magnitude estimates are employed. Any cost study
of this nature must be updated as the station’s configuration and

characteristics become better deflned

4.1.3.3 Erectable Vs Deployable Truss Results - The 1life cycle
costs of the four cases are shown in Figure 17. As can be seen,
the five meter bay truss results in significant life cycle cost
savings over the nine foot bay truss. Savings of 47.4 million
dolars were seen for the erectable cases while savings of 67.4
million dollars were seen for the deployable cases. This results
primarily from the reduced number of joints in the larger bay

size cases.

Also evident is that the erectable cases are less expensive
than the deployable ones. Savings of 52.7 million dollars were
seen for the five meter cases while savings of 72.7 million
dollars were seen for the nine foot cases. This result occurs
even though the erectable cases require more on-orbit manpower to
erect/deploy (reference 4). The savings come from the decreased

complexity and increased reliability of the erectable designs.
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Thus, it was found that the erectable five meter bay truss
case had the 1lowest 1life cycle cost at 786.5 million dollars
while the deployable nine foot bay truss ﬁad the highest 1life
cycle cost at 906.6 million dollars. This represents a savings
of 120.1 million dollars (fifteen percent) over a ten year

mission.
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Figure 12 Weight Properties

Weight (1b) 466354,
Inertia(slug-ft**2)

IXX 1.11E8
IYY 5.22EY
122 7.98EY
IXY -1.47E4
IXZ -1.63E6
1Yz 7.80ES
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Figure 13 Space Station NASTRAN Model
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Figure 15 Space Shuttle Orbiter Disturbance
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‘Figure 16 Nine Foot and Five Meter Dual Keel Modal Results

Mode

Description

Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar
Solar

Keel Pitch Bending
Module Support/Keel Pitch Bending

Array
Array
Array
Array
Array
Array
Array
Array
ArTay
ArTray
Array
ArrTay
Array
Array
Array
Array

Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast
Mast

Keel Torsion
Transverse Boom

Keel Roll Bending/Transverse Boom
Transverse Boom/Array Mast

Keel Torsion/Keel Roll Bending

Keel Roll Bending/Keel Torsion/Radiator
Radiator(and Keel Torsion in 5 meter)

Radiator
Radiator
Radiator
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Frequency (hz)

Nine
Foot

.162
.164
. 167
174
.176
179
179
.180
.180
.180
.180
.180
.180
.180
.182
.193
.197
.227
.283
. 354
. 378
. 383
.405
.415
.518
.521
.523
577

Five
Meter

.174
.175
.178
.179
.180
.180
. 180
.180
.180
.180
.180
.180
.180
.180
.182
.108
. 356
.407
. 507
.631
.680
.631
.734
.731
.564
.548
.557
.551




Figure 17 Erectable vs Deployable Truss Life Cycle Trade Study

Cost in Millions of Dollars
Five Five Nine Nine
Meter Meter Foot Foot
Erectable Deployable Erectable Deployable

Type of Cost

Non-Recurring Cost 153.6 186.0 157.1 195.7
Launch Cost 37.6 40.4 43.1 47.4
Ground Support Cost 20.9 24.8 3.7 29.6
Maintainence Cost 42.0 55.7 73.1 . 97.3
Expendables Cost 503.6 503.6 503.6 503.6
Software Cost 28.8 28.8 33.2 33.2
Total Cost 786.5 839.2 833.9 906.6
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4.2 ATTITUDE CONTROL SUBSYSTEM (ACS) ANALYSES
4.2.1 Disturbance Torques -
4.2.1.1 Disturbance Torque Analysis Description -

The major disfurbance torques experienced by low Earth
orbiting satellites, such as the Space Station, are gravity
gradient torque andlaerodynamic torque. Solar pressure torque
and residual magnetic dipole were found to Dbe small in
comparison, and therefore are not considered here. An
independent simulation was run to model these disturbances for

use in related analyses.
4.2.1.2 Disturbance Torque Analysis Assumptions -

The disturbance torque analysis assumes that the Space
Station configuration is the Dual Keel type with no payloads, 2
satellite service/storage bays, a hybrid power system (four
photovoltaic solar arrays and two solar dynamic engines), two
solar radiators and five modules Figure 11. A nominal altitude
of 450 km is assumed (reference 5 and 6), and mass properties are
given in Figure 12. The proposed Torque Equilibrium Attitude
pointing scheme is not considered, as 1t would present
complications beyond the scope of this study. It is assumed
therefofé that +the Space Station is Earth-pointed and is flown
with no Dbias attitudes. The controller is modeled. as a
Proportional-Integral-Derivative (PID) type with,

KT
T.=[KRs+KP+ ‘Tlo
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T. = Control torque
KR = Rate gain
KP = Position gain
KI = Integral gain
¢ = Pointing error with respect to Earth-pointing reference

s = Laplace operator

A torque is imposed on any Earth-orbiting spacecraft due to
the Earth’'s inverse square gravitational field. This gravity
gradient torque is modeled for Space Station in an independent
ACS (Attitude Control Subsystem) simulation (Ref. 10) as

follows:
Tpe = 3wl(L.: — Iy)pyp: — Leypep: + Lz:p=py — (P} — P))1y:]
Ty = 3w[(Lee — L..)pep: — Iy:papy + Leypyp: — (P2 — p?)1.:)
Ty. = 3w(({yy ~ L2)Pepy — Le-pyp: + Lyzp=p: — (P} = P2)2y)

where,
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w = orbit rate = 1.12E-03 rad/sec

direction cosines of the local vertical in the

Pi

spacecraft reference frame

o
P
I

moment of inertia (ft-lb-sec)

Aerodynamic torque results from the impact of the Earth’'s
upper atmosphere on the surface of the spacecraft. In this
study, aerodynamic force is modeled as a combination of both
absorption of and diffuse reflection of atmospheric molecules off
the surface of the spacecraft (reference 7). The reference Space
Station configuration, Figure 11 was broken down into <the
following ten planar surfaces and force and torque components
were computed for each component surface: 2 satellite
storage/service bays, 4 solar array panels, 2 solar concentrators
and 2 solar radiators. The trusswork, which accounts for only a
small percentage of the total frontal area of the assumed
structure, was not considered. The absorptive component of the
aerodynamic force acts only in the spacecraft velocity direction,

and is described by (reference 8),

B 1 ;
Faby = =, pV?ACu(8 - 7)

The diffuse component is given by (reference 8),

pVZAC (¢ - 1))

o -

(

w o

Fuy =
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where,
P = Atmospheric density at 450 km. (reference 9)
V = Translational velocity of component surface relative to
incident airstream

4 = Component surface area

m
a
1]

‘Coefficient of drag = 2.2 (Ref. 2, 4 and 5)

v = Unit vector in the direction of the incident airstream

n= Unit vector normal to the component surface and directed

outward

A time-varying alpha angle (the array angle in the orbit
plane) and an average beta angle (angle the sunline makes with
the orbit plane) of 36.73 deg over the orbit were assumed for the

aerodynamic torque calculations.
4.2.1.3 Disturbance Torque Analysis Results -

Simulation shows aerodynamic torque ¢to be the most
significant environmental disturbance for the assumed space
station configuration. A cursory investgation of magnetic dipole

and solar pressure torque confirmed that these disturbances are
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relatively insignficant. Typical magnitudes are shown in Figures

18 and 19.
4.2.2 Controller Optimization And Design -
4.2.2.1 Controller Optimization And Design Description -

The preliminary design of the ACS is based on baseline ACS
design configuration defined in' reference 5. (For a list of
hardware, see Appendix B.) As a result of the hardware required
for a classical control design and it’'s capability to handle a
wide range of controller bandwidths, the ACS did not prove cost
sensitive in the preliminary analysis. Optimization of the ACS
was based on creating a maximum controller bandwidth for a user
specified fundamental structural resonant frequency. The
preliminary optimization was, therefore, based on steady state
pointing and +transient response performance when considering
disturbances (i.e. 1low frequency, step input type, and higher
frequency disturbances such as environment, STS docking and crew
motion, respectively). Cost of the ACS as an optimization
criteria was accomplished after the MDDT model was sophisticated

enough to include active structural damping designs.

A frequency response analysis was performed in order to
enable +the MDD computer program to provide a pointing error
estimate as a function of natural frequency of +the structure,
structural damping and disturbance torque. The frequency
response portion of an in-house three-axis control system

simulation (reference 10) was run with a variety of controller
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break frequencies until a Bode plot exhibiting good stability
characteristics was generated. The gain curve shifts in

frequency as the structure natural frequendy is varied.

A constant ratio is maintained between tﬁe structure natural
frequency and the controller break frequencies. Ratios of the
controller break frequencies have been calculated for the six
assumed values of damping ratio; 0.0005, 0.001, 0.005, 0.01,
0.05, 0.1. The ACS pointing routine accepts the fundamental
frequency value and the user supplied value of damping for that
structural mode as inputs. The routine computes the desired
controller gains so that controller/structure stability is

assured.

The routine also evaluates the steady state pointing
sensitivity to disturbance torques with a frequency content at
two times orbital rate via the following sensitivity transfer

function.

where,

-
I

steady state pointing error

Ty

disturbance torque amplitude

moment of inertia

~—
[
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o,
1]

Laplace operator

KR

rate gain

KP

position gain

KI = integral gain

Figures 20 through 22 are gain and phase vVersus frequency
plots of pointing sensitivity for the roll, pitch, and yaw axes
which have been generated using an in-house linear system
analysis computer tool (reference 10). MDDT evaluates the same

pointing sensitivity transfer function at two times orbital rate.

Structural mode sensitivity was also investigated to
determine the dependence of modal deflection to controller
bandwidth. Figure 23 shows the first structural mode sensitivity
to disturbances for a relatively low rigid body mode bandwidth
(note that the mode shape was largest in this, roll, control
axis). Figure 24 is a plot of the same modal sensitivity to
disturbances with a higher controller Dbandwidth. Both cases
resulted in a peak modal sensitivity of approximately -22 db.
Therefore, structural vibration sensitivity is not dependent on
classical controller bandwidth selection. This is eXpected

because the classical controller is designed not to excite the

structure.
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4.2.2.2 Controller Optimization And Design Assumptions -

The.controller‘optimizétion and design anaiysis assumes a
classical controller. Evaluation of the disturbance torqué
transfer function does not take into considerétion the effects of
flexible modes or the triple lag filter used to roll off the high
frequency response. This simplification of the transfer function
ié used because the low frequeﬁcy gains are of interest and the
higher frequency effects are negligible for this part of the

analysis.
4.2.2.3 Controller Optimization And Design Results -

The 1initial controller design, with relatively high
bandwidth (0.0628 rads/sec) results in a very low value of
sensitivity i.e. -114, -108, and -110 db in roll, pitch , and
yaw, respectively as seen in Figures 20, 21, and 22. The
expected steady state pointing error (in. radians) is obtained by
multiplying these sensitivity values by the input disturbance

torque amplitudes.

As a result of this analysis the MDDT computer program
provides a means of evaluating attitude perfomance for varying
space station configurations. The pointing errors seen for the
example A cases run are very small (maximum error equals 1.75
arc-sec in pitch with 0.0005 structural damping) due to very
small pointing sensitivity to environmental disturbances at twice

orbital rate.
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Figure#19 Expected Environmental
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Figure 20

oPACE STATION THREE AXIS CNTRLA

DISTURBANCE TORQUE SENSITT &8 9% -
MASS PROPS.

TEST CRSE= AOLL SENSTVTY T0 ROLL DT.

DATA TIMES: 0000:00:00:38,000 TO 0000:00:48:20.000 DATE PLOTTED: 25-RUG-86 15:3S:51
IX, 1Y, 1Z,IXY,1YZ, IXZ (SLUG-FTwFT)

1.11€+08,5.22E+087,7.98€+07,0.0.0.0.0.0

INPUT_FILE: USERSACS:CHARDING.URRS3IBODE3.PLT;205 / 25-AUG-1986 15:30:56

126.00

DBS MEAN= -118.

SGMA=a 3,91 67 POINTS PLOTTED

60.00

OPEN-
LOOP .

...........................................

GAIN
(DECIBELS)

-60.00

-120.00L__

MEAN= 67 POINTS PLOTTED

180.00 DEGS

94.0¢8

OPEN-

LOOP

PHASE
(DEGREES)

-30.00.
-180.06
-4. 000 -3.0008 -2.600 -1.008 6.a0 1.000
0000:00:00: 00 FREQUENCY LOGHZ
52




Figure 21
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Figure 22
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Figure

23
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Figure 24
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5 MDD EXAMPLES
5.1 Solar Array Feathering
5.1.1 Solar Array Feathering Example Description -

The solar array feathering analysis was performed in order
to determine the cost savings, if any, resulting from moving the
solar array panels into a minimum drag position during each
orbit’s wumbra period. The arrays are rotated about the alpha
joint so that they are "edge-on" to the velocity vector during
umbra and therby represent zero area for atmospheric drag
computations. The MDDT program was run once for the case when
the solar arrays are feathered into the mimimum drag
configuration and once for the case when the arrays are not
feathered. The cost driver for this example is orbit decay rate.
Greater atmospheric drag results in a higher orbit decay rate
and, consequently, higher propellent-related costs (i.e. the
amount of propellent expended and the cost of launching
replacement propellent). The MDDT expendables subroutine
(SUBROUTINE EXPD) calculates +the decay rate using  the
user-supplied inputs initial altitude, time at measurement of
initial altitude, final altitude, and time at measurement of
final altitude. For this example, these inputs were derived
using an in-house 3-degree of freedom scientific simulation
(reference 10). This simulation was excercised for both the
feathering case and the no-feathering case with results of the
different Space Station array configurations shown in Figures 25

and 26. These plots depict change 1n semi-major axis versus
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time, the dinputs 'required by MDDT, as discussed above, to
calculate the energy required to restore the space station to its
original orbit. The energy is then translated into pounds of

fuel and then into a cost for launch and replenishment.
5.1.2 Solar Array Feathering Example Assumptions -

‘Some key assumptions were made in calculating the orbit
decay using the in-house simulation, and these assumptions are
described below. The only user-supplied inputs required by the
MDDT program; however, were initial altitude, time at measurement
of initial altitude, final altitude, and time at measurement of

final altitude.

Orbit altitude. 450 km. is used for a mean orbit altitude.

Altitudes may vary from 400 to 500 km. (reference 6).

Inclination. 28.5 degrees.

Mean umbra time. An orbital computer simulation program was
run for the baseline Space Station orbit. A mean umbra period of
2071 seconds is calculated. Plots of the umbra data is seen in
Figure 27, Umbra Time versus Right Acsension. The computer
routine calculates the mean value and prints the mean value at

the top of the plot.

Mean array alpha angle. The alpha angle rotates conpletely

around each orbit; however, for the purposes oOf drag
calculations, alpha is assumed to vary from zero to 90 degrees as

a sine wave. A mean alpha of 63.64 degrees is assumed as an RMS
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value of a sine wave. During umbra the average alpha angle

becomes 11.7 degrees.

Mean golar beta angle. A mean solar beta angle can be

calculated from geometry of the earth, sun, and orbit
inclination. The same program which calculates umbra period also
calculates solar beta angles. Results of analysis predict a RMS
beta angle of 36.7 derees. The plot of beta angle versus right
ascension over the period of a year is shown in Figure 28 with a
maximum beta angle of 52 degrees. As in the case of the alpha
angle, an RMS value for the beta angle is calculated as 36.8
degrees. This assumes that beta varies as a single sine wave

with zero mean and peak value of 52.0 degrees.

Drag coefficient. A value of 2.2 is used for this analysis.
Drag coefficients for spacecraft analysis vary from one
reference source to the next. The extremes for drag coefficient
found in the 1literature are a 1low of 2.0 to a high of 2.6
(references 11, 12, and 13). Values of 2.2 seemed to be the most

widely used.

rbit d tim eriod. Orbit decay rate 1s non-linear
over extended periods of time as seen in Figure 29. For the
purposes of this example, a 10 day orbit adjust interval is

assumed.:

Hydrazine is the assumed propellent. The no-feathering case
is approximated by calculating orbit decay assuming a frontal

area consisting of the initial reference structure with arrays in
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the average beta and umbra average alpha position. The
feathering case is approximated using the reference structure
area without solar arrays. Orbit adjusts dre assumed to occur at

10 day intervals.
5.1.3 Solar Array Feathering Example Results -

The analysis predicts that approximately $25.7% million in
propellent cost could be saved by feathering the solar arrays

during umbra.
5.2 Expendables Orbit Adjust Interval
5.2.1 Expendables Example Description -

As the frequency of orbit adjust maneuvers increases, orbit
decay rate decreases. Thus, the longer the interval between
orbit adjusts, the more propellent is consumed over the same time
period. To demonstrate this effect, one case was run with an
interval of 50 days between orbit adjusts rather than the nominal

10 days used in all other cases.
5.2.2 Expendables Example Assumptions -

Baseline case, with time between orbit adjusts equal to 50

days.
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5.2.3 Expendables Example Results -

The savings resulting from performing,orbit"adjust maneuvers
every 10 days rather than every 50 days is $21,270,000. During
an interactive program run, it was found thaﬁ this the majority
of this saving (about 96%) can be attributed to savings in the
cost of launching the replacment expendables. The saving in

propellent cost alone is approximately $82,000.
5.3 Monopropellent Vs. Bipropellent
5.3.1 Monopropellent Vs. Bipropellent Example Description -

Some of the same information wused in the solar array
feathering analysis was wused to predict the more economic
propellent, given the choice between monopropellent hydrazine and

a bipropellent.
5.3.2 Monopropellent Vs. Bipropellent Example Assumptions -

The propellents used in the comparison are N2H4

(monopropellent hydrazine; ISP=233) and N2H4/N204 (ISP=310).
5.3.3 Monopropellent Vs. Bipropellent Example Results -

A significant savings is realized by using a bipropellent in
place of monopropellent hydrazine. Over $126,000,000 is saved
overall, most of which is due to launch cost savings.

Approximately $1,850,000 in propellent cost is saved.
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5.4 Active Vs Passive Damping LCC
5.4.1 Active Vs Passive Damping Example Description -

A trade study on the life cycle cost of active vs passive
damping of the space station was performed. The configuration
considered is an erectable five meter bay truss dual keel space
station. Various 1levels of passive structural damping were
considered. The amount of active control required for equivalent
performance at each level of passive damping was estimated based
on results obtained from previous Independent Research and

Development results.
5.4.2 Active Vs Passive Damping Example Assumptions -

It was assumed that the percent damping of the stucture was
proportional to the percentage of the structural weight comprised
of Visco-Elastic ﬁaterial (VEM). In an actual structure the
majority of the damping occurs in regions of high strain. Thus
evenly distributing VEM over all portions of the structure is
very inefficient 1n terms of weight. It is much more efficient
to apply VEM only to elements experiencing large strain. The
amount of damping required for 1% damping is 1% of the weight of
the treated elements. This is a crude first cut approximation of

the damping.

For the space station model employed, it is assumed that
only +the diagonal truss members required treatment with VEM.
This assumption was made in order to have an example and it has

not Dbeen verified that this constitutes an optimal treatment for
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the space station. Treating only members with high strain
certain elements reduces the weight penalty imposed by passive

damping.

It was assumed that the active control df the structure was
implemented employing the existing ACS hardware. Changes in the
ACS software control law were employed to account for different
levels of active control required to achieve similar performance
for different levels of damping. The complexity, and therefore
cost, of the control law is assumed to be a function of the
control system bandwidth, the number of sensors, the number of
controllers, and the number of structural modes that have to be
controlled. Information from reference 14 and Figure 30 was
employed to develop a simple cost model of the active control
software. The active control software is asssumed to consist of
three functionally distinct processors; the control law, the
modal coordinate estimator, and the optimal control gain matrix

calculation.

The number of operations/cycle for the control law 1is
included in the table for information purposes. The memory
requirements for the compensation is used to determine +the cost
for the control law. The ops/cycle data is taken directly from a
linear quadratic controller used in a prior IRD effort (Internal
Research and Development) which investigated active structural

control.
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Both the estimator and optimal control gain memory
requirements are derived from similar Landsat-D software memory
requirements. The memory requirements éhown here have been
scaled from Landsat-D by simple ratios of number of estimated
states, numbers of sensors, and numbers of actuators. Numbers of
lines of code are derived by an average 2.5:1 ratio of lines of
macro code for the NASA standard processor (NSSC-1) to number of
words. Again, number of 1lines of code is included for

information only.

Cost has been related to the memory requirement for each
processor. A scale of $600/word is typical and is assumed for

these calculatiomns.
5.4.3 Active Vs Passive Damping Example Results -

Figure 31 presents the weight of VEM (Visco-Elastic
Material) required for each 1level of damping considered. By
treating only the diagonal +truss members the weight penalty
imposed 1is significantly reduced. A weight penalty of 340.
pounds was incurred in achieving a zeta (percent of critical

damping) of ten percent.

Figure 32 presents the results of the life cycle cost trade
study done on active verses passive control. ©Note that as the
structural damping increases the amount of active control
required  to maintain the same ACS performance decreases. AsS can
be seen, a structure with a zeta of ten percent has a life cycle

cost of ?75.3 million dollars. This is 11.2 million dollars less
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than the cost of the case with zeta equal to .05 percent. The
savings are due to a reduction in the cost of the active control
software and occur in spite of an increase in the cost of the

structure.
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Figure 25

ORBIT DECAY DUE TO DRAG:
SOLAR ARRAYS FEATHERED DURING UMBRA

S3685.5 —
E i
M i
I ]
2 i
73885.0

0 i
R —
83684.5~
I -
S -

N -
M3684.0 —

3683.5 l : : | : l 1 |

DAYS

66




Figure 26

ORBIT DECAY DUE TO DRAG:
NO SOLAR ARRAY FEATHERING
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Figure 27

SPACE STATION SIMULATION RESULTS
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Figure 29
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Figure 31 VWeight of Passive Damping Treatment
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Figure 32 Active vs Passive Control Life Cycle Trade Study
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6 CONCLUSIONS

In light of the increasing cbmplexity of spacecraft designs,
a need for a design criterion which can be applied to a bfoad
range of design disoiplines is readily reoogﬁized. The MDD Study
investigates the use LCC as a comprehensive design criterion to
interrelated spacecraft subsystems design such as controls and
structures. The Multi-Disciplinary Design Tool developed as part
of the study, uses the relationships between cost and subsystem
design paraneters to provide a means for evaluating LCC
sensitivity to design parameters and, therefore, to different

space system designs.
6.1 Advantages Of MDDT

The MDDT computer program is a useful tool for investigating
LCC sensitivities and for conducting subsystem design trades
using LCC as the design criteria. The examples show that MDDT is
a fully operational program capable of performing such analyses.
The examples also show that LCC is an important aspect of system
design and that analyses such as this one can provide significant

cost savings which may outweigh other design criteria.

A program such as MDDT also formalizes the LCC computations
SO0 that: a variety of system design trades can be accomplished
with a high degree of confidence that the same cost consideration
is given to each set of design parameters for any given subsystem

configuration.
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Much of the study was directed toward deriving
representative values for the input parameters so that it is
possible to use the existing program for cost sensitivities to

these parameters with simple changes to the input file.

The architecture of MDDT has proven to be flexible and
general. MDDT is modular in design which allows the user to
change the program‘flow easily. This is essential for modifying
the program to do LCC studies beyond the current capability of
MDDT. This was especially appreciated wheh the example cases

were investigated.
6.2 General User Information

As with any computer tool, the usefulness of the results
depends on the assumptions of the programmer and accuracy of the
model. In the case of MDDT, care should Dbe taken when
interpreting the results. In general, assumptions are made in
the LCC model which tend to degrade the accuracy of the predicted
costs. This 1is why the major assumptions are explicitly stated
in this report. The user is further cautioned that the model has
other inherent inaccuracies. In reality, the design variables
tend to be coupled so that a small change in some variables
create large variations in the final result. In the MDDT, all
design parameters tend to be dependent on less than two other
parameters (some of the paramters are independent so that LCC
will vary 1:1 with that independent parameter which is due to the
difficulty in creating a high fidelty model at this point of the

MDDT's development). The aim of the MDD study was to identify
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those relations where parameter interdependence was greatest or

at least most obvious.

The investigators have noted the following ‘additional comments

which are directed to the user or potential user.

The MDDT program is relatively well commented with most

parameters defined within the subroutines where they are used.

The MDDT has numerous input parameters; more parameters than
we originally anticipated. This seems to be due to the very

broad nature of the cost aspects of the LCC design criteria.

Reducing the number of input parameters would require further
analysis to define more comprehens}ve cost relationships.
Reduction could also be achieved by including some form of the
analysis tools (simulations) which were used to generate some

of the parameters.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-1: Crew Kickoff, ACS Inactive, ACS X-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-2: Crew Kickoff, ACS Inactive, ACS Y-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-3: Crew Kickoff, ACS Inactive, ACS Z-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-4: Crew Kickoff, ACS Inactive, Lower Boom Tip.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-5: Crew Kickoff, ACS Inactive, Lower Boom Tip. |

Z2-axis Acceleration.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-6: Crew Kickoff, ACS Active, ACS Xfaxistefleotion.
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Figure A-7: Crew Kickoff, ACS Active, ACS Y-axis Deflection.

o> TMMo <3

nwoIr® =D

X1

0"4

.

9.4

0.3

0.2

0.1

0.0

SPACE STATION DISTURBANCE SIMULATIONS

T

SPACE STATION MD
W_KICKOF
AL KEEL, ACS ACTIVE

STUDY XXX Z cr

D
Z CREW K
DAMPING =.0005 DU

A

1414

M\AA ‘

;
i

| S .|

i1 1

o 20 40 60 80 109
TIME(SEC)




SPACE STATION DISTURBANCE SIMULATIONS

Figure A-8: Crew Kickoff, ACS Active, ACS Z-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-9: Crew Kickoff, ACS Active, Lower Boom Tip.
Y-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-10: Crew Kickoff, ACS Active, Lower Boom Tip.
Z-axis Acceleration.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-11: Shuttle Docking, ACS Inactive, ACS X—axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-12: Shuttle Docking, ACS Inactive, ACS Y-axis Deflection.
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Figure A-13:
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Figure A-14: Shuttle Docking, ACS Inactive, Lower Boom Tip.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-15: Shuttle Docking, ACS Inactive, Lower Boom Tip.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-16: Shuttle Docking, ACS Active, ACS X-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-17: Shuttle Docking, ACS Active, ACSlY—axi.s Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-18: Shuttle Docking, ACS Active, ACS‘Z~axié Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-19: Shuttle Docking, ACS Active, Lower Boom Tip.
Y-axis Deflection.
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SPACE STATION DISTURBANCE SIMULATIONS

Figure A-20: Shuttle Docking, ACS Active, Lower Boom Tip.

Z-axis Acceleration.
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APPENDIX B

DUAL KEEL REFERENCE CONFIGURATION ACS EQUIPMENT CHARACTERISTICS
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